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The intercalation of lithium ions into graphite electrode is the key 
underlying mechanism of modern lithium-ion rechargeable batteries. 
However, co-intercalation of lithium-ions and solvent into graphite is 
considered undesirable because it can trigger the exfoliation of graphene 
layers and destroy the graphite crystal, resulting in poor cycle life. Here, we 
demonstrate that the [lithium–solvent]+ intercalation does not necessarily 
cause exfoliation of the graphite electrode and can be remarkably reversible 
４ 
with appropriate solvent selection. First-principles calculations suggest that 
the chemical compatibility of the graphite host and [lithium–solvent]+ 
complex ion strongly affects the reversibility of the co-intercalation, and 
comparative experiments confirm this phenomenon. Moreover, it is revealed 
that [lithium–ether]+ co-intercalation of natural graphite electrode enables 
much higher power capability than normal lithium intercalation, without the 
risk of lithium metal plating. To be specific, [lithium-ether]+ co-intercalation 
shows capacity retention of approximately 87% of the theoretical capacity at 
current density of 1 A g−1. This unusual high rate capability of the co-
intercalation is attributable to the (i) absence of the last desolvation step, (ii) 
negligible formation of the solid-electrolyte interphase on graphite surface, 
and (iii) partially capacitive charge-transfer mechanism. This work 
constitutes the first step toward the utilization of fast and reversible [lithium–
solvent]+ complex ion intercalation chemistry in graphite for rechargeable 
battery technology. 
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Graphite can serve as an intercalation host for versatile guest species 
in its galleries, forming binary/ternary graphite intercalation compounds.[1] 
Its capability of accommodating lithium ions via intercalation combined with 
its low cost and abundance has made graphite a standard anode for modern 
lithium-ion batteries (LIBs).[2-6] In the early development of LIBs 
employing graphite anodes, the search for an appropriate electrolyte system 
was important with respect to not only the ionic conductivity and/or 
electrochemical window but also its compatibility with the graphite anode.[7-
13] The use of propylene carbonate (PC)-based electrolytes resulted in rapid 
capacity degradation of graphite anodes during battery operation despite their 
high electrochemical stability.[14, 15] Researchers observed that the 
degradation was related to the co-intercalation of lithium ions and the large 
solvent molecules, which led to exfoliation of the graphene layers.[14, 16-18] 
Thus, subsequent efforts have been made to prevent co-intercalation in 
graphite anodes for LIBs, which naturally led to the perception that ion–
solvent co-intercalation is detrimental in this system.[16, 17, 19] However, 
recently, Jache et al. and our group independently reported the potential of 
graphite as an anode material for sodium-ion batteries (NIBs) by employing 
the co-intercalation of sodium ions and solvent molecules.[20, 21] In this 
１５ 
system, graphite accommodated the intercalation of [sodium–ether]+ complex 
ions without noticeable side reactions such as the exfoliation of graphite. 
Moreover, the graphite anode provided superior cycle stability (more than 
2,500 repetitive electrochemical cycles), demonstrating the reversibility of 
the co-intercalation chemistry despite the large volume expansion of 
~345%.[20-23] Subsequent research conducted by Cui et al. also 
demonstrated the practical feasibility of [sodium–ether]+ complex ion 
intercalation in NIBs and sodium-ion capacitors with good cycle stability.[24, 
25]  
Our current study started from a simple question of the contradiction 
between reversible [sodium–solvent]+ co-intercalation and well-known 
instability of [lithium–solvent]+ co-intercalation in graphite electrodes.[16, 
20-22, 26] Although lithium and sodium share similar chemical and 
electrochemical properties to some extent, they exhibit surprisingly distinct 
behaviors in the co-intercalation. Moreover, the origin of the severe 
exfoliation of graphite associated with the lithium ion–solvent complex 
despite the smaller size of lithium ions compared with sodium ions is unclear. 
This work unveils the importance of the chemical compatibility of the co-
intercalated solvent in determining whether exfoliation occurs in the lithium 
co-intercalation. In addition, it is demonstrated that the [lithium–ether]+ 
complex ion de/intercalation in graphite is remarkably reversible, enabling a 
１６ 
cycle life of more than 200 cycles, and that the previously reported instability 
of ether-based lithium co-intercalation is not due to the intrinsic irreversibility 
in graphite.[26] Furthermore, the graphite electrode based on the co-
intercalation is shown to be capable of delivering a high power capability, 
retaining approximately 87% of its theoretical capacity at a current density of 
1 A g−1 without the risk of lithium metal plating. The observed high power 
capability of the co-intercalation is counterintuitive, considering that the 
intercalation of large guest ions in the host has been believed to be sluggish. 
The origin of this unusual phenomenon is discussed in relation to the 
desolvation kinetics, nature of the solid electrolyte interphase (SEI) layer, and 





2. Experimental Section 
2.1. Materials 
Natural graphite (average size: ~100 µm) was purchased from Bay 
Carbon Inc. and used without any modification. Electrolytes were carefully 
prepared to maintain low H2O content (<20 ppm). Lithium salts (LiTF and 
LiTFSI) and molecular sieves were stored in a vacuum oven at 180°C. Dried 
lithium salts were dissolved in a diethylene glycol dimethyl ether (DEGDME) 
solvent at 1 M. The solution was stirred at 80°C for 3 days. Molecular sieves 
were added in the solution to remove residual H2O from the electrolyte 
solution.  
2.2. Electrode preparation and electrochemical measurements 
Graphite electrodes were prepared by mixing the active material 
(natural graphite, 90 wt%) with polyvinylidene fluoride binder (PVDF, 10 
wt%) in an N-methyl-2-pyrrolidone (NMP) solvent. The resulting slurry was 
uniformly pasted onto Cu foil, dried at 120°C for 1 hour and roll-pressed. The 
average electrode thickness and loading density were ~50 µm and ~5 mg cm-
2. Test cells were assembled in a glove box into a two-electrode configuration 
with a lithium metal counter electrode. Full cells were constructed with 
excessive amount of LiFePO4 as a cathode material. A separator of grade 
１８ 
GF/F (Whatman, USA) was sonicated in acetone and dried at 120°C before 
use. Electrochemical profiles were obtained over a voltage range of 2.5 to 
0.01 V using a multichannel potentio-galvanostat (WonATech). 
2.3. Characterization 
The structure of the samples was analyzed using an X-ray 
diffractometer (XRD, D2PHASER, Bruker, USA) using Cu Kα radiation. The 
morphology of the samples was verified using field-emission scanning 
electron microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss, Germany). The 
electrode after cycling was analyzed using X-ray photoelectron spectroscopy 
(XPS, PHI 5000 VeraProbe™) and Raman spectroscopy (high resolution 
dispersive Raman microscope, Horiba Jobin Yvon, France). Gas evolution 
during battery operation was characterized using differential electrochemical 
mass spectrometry (HPR-20, Hiden Analytical). SEI was observed using 
high-resolution transmission electron spectroscopy (HR-TEM, JEM2100F, 
JEOL, Japan). Ionic conductivity of electrolytes was measured with portable 
conductivity meter (Oakton waterproof portable CON 610 conductivity meter, 
Singapore). 
１９ 
2.4. Calculation details 
First-principles calculations were conducted to obtain the 
HOMO/LUMO levels and the energy of [Li-solventx]
+ complexes (solvents: 
PC, EC, DMC, and DEGDME) and isolated solvent molecules using the 
Gaussian 09 code.[57] All geometries were optimized with the B3LYP/6-
311G (3df) level of exchange-correlation functionals and basis sets.[58, 59] 
Based on the calculated energies of molecules, desolvation energy   was 
obtained using the following definition: 
𝐸𝑑𝑒𝑠,𝑥 = 𝐸[𝐿𝑖−𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑥−1]+ + 𝐸𝑠𝑜𝑙𝑣𝑒𝑛𝑡 − 𝐸[𝐿𝑖−𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑥]+. 
Here, 𝐸[𝐿𝑖−𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑥−1]+ , 𝐸[𝐿𝑖−𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑥]+  and 𝐸𝑠𝑜𝑙𝑣𝑒𝑛𝑡 represents the energy 
of [Li-solventx-1]
+, [Li-solventx]





3. Results and Discussion 
3.1. Capacity degradation of co-intercalation and structural integrity of 
graphite 
The electrochemical behavior of lithium co-intercalation in graphite 
was examined using an ether-based electrolyte as shown in Figure 1a, which 
presents the discharge/charge profile using 1 M lithium 
trifluoromethanesulfonate (LiTF) in diethylene glycol dimethyl ether 
(DEGDME).[23, 26] The overall profile in the first cycle clearly differs from 
the characteristic lithium ion intercalation in conventional LIBs but agrees 
with the previous report of lithium ion/solvent molecule co-intercalation and 
is similar to that of the typical [sodium–ether]+ complex ion intercalation 
shown in Figure 1b.[20, 26] However, the specific capacity decreases rapidly 
during repeated battery cycling; only a fraction of the initial capacity (~20 
mAh g−1) was maintained after 20 cycles, which is consistent with previous 
speculations.[16, 26] Changing the salt in the electrolyte from LiTF to lithium 
trifluoromethanesulfonimide (LiTFSI) for improved chemical stability[27, 28] 
did not improve the cycle stability, as observed in Figure 1c. In contrast, 
changing the salt from LiTF to NaTF, i.e., [sodium–ether]+ complex ion 
intercalation, dramatically improved the cycle performance by more than 200 
times using the same cell configuration (Figure 1d).[20-22]  
２１ 
To understand this distinct behavior of the graphite electrode, we first 
characterized the structural change upon repeated lithium co-intercalation in 
the ether-based electrolyte using ex-situ X-ray diffraction (XRD), as shown 
in Figure 2. The XRD patterns for the first cycle indicate that the graphite 
electrode undergoes successive phase transformations, which is consistent 
with our previous work.[26] The evolution of the XRD patterns is analogous 
to that of [sodium–ether]+ complex ion intercalation into graphite, indicating 
a typical co-intercalation staging phenomenon.[26, 29] The expansion along 
the c-axis is slightly smaller for lithium than for sodium during the co-
intercalation (approximately 334% and 349%, respectively, in Figure 3a and 
b).[26] Interestingly, Figure 1d shows that the graphite crystal structure did 
not undergo any noticeable degradation with the repeated cycles. The XRD 
patterns of the graphite electrode were nearly unchanged, and the pristine 
layered structure was maintained after 2, 3, and 10 cycles of the co-
intercalation. This finding contradicts the observation that significant cycle 
degradation occurs after 10 cycles, as shown in Figure 1a, c and d, suggesting 
that the structural degradation of the graphite crystal may not be the main 
cause of the instability of the lithium cells. We further confirmed that no 
noticeable morphological change (i.e., exfoliation) occurred in the cycled 
graphite electrode in the ether-based lithium cell, as shown in Figure 4a, 
which indicates that the morphology of the pristine graphite was well 
２２ 
preserved after cycling. No significant increase of the structural defects in the 
graphite was detected by Raman spectroscopy analysis after the repeated 




Figure 1. (a) Charge/discharge profiles of graphite/lithium cells using 1 M 
LiTF in DEGDME electrolyte. (b) Typical charge/discharge profiles of 
[sodium–ether]+ complex co-intercalation using 1 M NaTF in DEGDME. (c) 
Charge/discharge profiles of graphite/lithium cells using 1M LiTFSI in 
DEGDME electrolyte. (d) Cycle performance of graphite anode in sodium 
and lithium cells using DEGDME electrolytes (black: 1 M LiTF in 





Figure 2. Ex-situ XRD analysis of the structural evolution of [lithium-
ether]+ complex co-intercalation during intercalation and deintercalation 
into/out of graphite. XRD patterns of graphite after second, third, and tenth 
cycles are also shown. 
２５ 
 
Figure 3. (a) XRD patterns of the sodiated (above) and lithiated (below) 
graphite electrodes. Schematics of (b) sodiated (above) and lithiated 




Figure 4. (a) SEM image of graphite electrode after cycling with 1 M 
LiTFSI in DEGDME (inset: pristine graphite before cycling). (b) Raman 
spectroscopy of the graphite electrode before (bottom) and after (top) 
cycling. 
２７ 
3.2. Comparison of PC and DEGDME electrolyte systems for co-
intercalation 
The structural integrity of the graphite observed in Figure 2 and 4 
was unexpected, considering the previous observation in PC-based lithium 
cells, where the graphite became severely exfoliated during the lithium–PC 
co-intercalation.[14, 30] To better understand these contradictory results, we 
performed first-principles calculations to probe the relative stability of the 
[lithium–solvent]+ complex ions in the graphite host using different solvents. 
Figure 5 compares the highest occupied molecular orbital/lowest unoccupied 
molecular orbital (HOMO/LUMO) levels and binding energies of [Li–
DEGDME]+ and [Li–PC]+ complex ions. The [Li–DEGDME]+ complex ion 
exhibits a higher LUMO level than that of [Li–PC]+, and importantly, the 
Fermi energy of graphite lies well below the LUMO level of [Li–DEGDME]+ 
but above that of [Li–PC]+. According to previous first-principles calculations, 
comparison of the LUMO level of a [Na–solventx]
+ complex and the Fermi 
energy of the host can hint at the relative stability of the co-intercalation.[31, 
32] When the Fermi energy of the host is higher than the LUMO level of the 
complex, downhill electron energy transfer may occur from the graphite host 
to the solvent molecule, which can subsequently trigger a parasitic chemical 
reaction between the two components.[31, 32] This finding implies that the 
２８ 
[Li–PC]+ complex would be unstable and possibly undergo chemical 
reactions with the graphite host, whereas the [Li–DEGDME]+ complex would 
be stable in the graphite galleries (Figure 6). Furthermore, DEGDME shows 
stronger binding with lithium ions than PC in Figure 5, inferring more robust 
solvation of lithium ions in the graphite host. 
Our experimental results were consistent with the prediction from the 
calculations. We observed that [Li–PC]+ is not stable in the graphite galleries 
and that a substantial amount of carbon-containing gas evolved during the co-
intercalation, whereas the intercalation of [Li–DEGDME]+ did not induce this 
gas evolution. Figure 7a, b, and 8 present in-situ mass spectrometry analyses 
of the graphite electrodes with the PC and DEGDME electrolyte systems, 
respectively (see Figure 9 for the experimental setup). During the discharge 
in the Li–PC electrolyte system in Figure 7a, gas-phase byproducts such as 
propene, CO2, CO, and H2 (shaded with yellow) were clearly detected. 
However, no noticeable gas evolution was observed in the Li–DEGDME 
electrolyte system during the discharge and subsequent charge (Figure 7b), 
which is consistent with the observed structural integrity of the graphite 
electrode in the DEGDME electrolyte in Figure 4a and b. The scanning 
electron microscopy (SEM) results presented in Figure 10a reveal that gas 
evolution accompanied severe exfoliation of graphite during [Li–PC]+ 
complex ion intercalation in graphite galleries (see Figure 11 for additional 
２９ 
SEM images of the exfoliated graphite using the PC-based electrolyte) unlike 
for the Li–DEGDME electrolyte system. Moreover, the intensity of the 
characteristic graphite (002) peak of the XRD pattern was significantly 
reduced after the cycle, as observed in Figure 10b. These results strongly 
suggests that the gas evolution within the graphite interlayer with the PC 
electrolyte could trigger the exfoliation of graphite and degradation of the 
























Figure 5. Comparison of LUMO and HOMO levels with the Fermi level of 
graphite and binding energy of lithium-solvents (left y-axis: energy level, 















Figure 6. Schematic illustrations of lithiated graphite electrode using PC 
and DEGDME electrolytes. 
３２ 
 
Figure 7. Gas evolution analyses during battery operations in (a) PC and (b) 













Figure 8. Differential electrochemical mass spectrometry analysis during 
battery operation. Graphite was used as anode active material. 1M LiPF6 in 













Figure 9. The configuration of in-situ cells for gas evolution analysis during 
the battery operations. 
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Figure 10. (a) Typical charge/discharge profile of graphite electrode using 1 
M LiPF6 in PC electrolyte (inset: SEM image of graphite after cycling). (b) 
XRD patterns of pristine graphite electrode and electrode after discharge 




Figure 11. SEM images of graphite anode after battery operation in using 
1M LiPF6 in PC electrolyte. 
３７ 
3.3. Severe side reaction between electrolyte and lithium metal−a cause 
of the capacity degradation 
We discovered that the observed capacity degradation for ether-based 
lithium cells did not originate from the degradation of the graphite electrode 
due to the [lithium–ether]+ co-intercalation itself but simply stemmed from 
the degradation of the lithium metal counter electrode during the 
electrochemical cycling. Figure 12a reveals that the lithium metal counter 
electrodes were covered with dark brown films after repeated battery cycling 
using both LiTF and LiTFSI in DEGDME, indicating severe side 
reactions.[33, 34] The SEM images in Figure 12b also confirm that the 
surface of lithium metal was passivated by unknown byproducts after the 
cycling with the ether-based electrolyte. According to the energy dispersive 
spectroscopy (EDS) analyses in Figure 12c and d, the byproducts mainly 
consisted of carbon, oxygen, sulfur, and fluorine, which are the major 
constituting elements of the electrolyte, indicating electrolyte decomposition. 
Further characterization of the film using X-ray photoemission spectroscopy 
(XPS), as shown in Figure 12e, revealed the presence of mixed products with 
CF3–O, CF2–CH2, O–C=O, C–O, and C–C bonding, supporting the 
speculation of a chemical reaction between the DEGDME and lithium 
metal.[34] However, no noticeable change was detected on the sodium metal 
３８ 
surface after the cell was cycled with the ether-based electrolyte (Figure 13). 
This clear difference in the metal surface suggests that the instability of the 
lithium metal electrode in the electrolyte caused the capacity degradation, 
particularly for the lithium cells. In a separate experiment, we further 
confirmed the chemical incompatibility of the lithium metal with the 
DEGDME-based electrolyte, as shown in Figure 14. The DEGDME-based 
electrolyte turned dark brown after being used to store lithium metal for 72 h, 
indicating that lithium metal is chemically unstable with DEGDME-based 
electrolytes, i.e., 1 M LiTF and 1 M LiTFSI in DEGDME. In contrast, no 
significant changes were observed for carbonate-based electrolytes, i.e., 1 M 
lithium hexaflourophosphate (LiPF6) in ethylene carbonate/dimethylene 
carbonate (EC/DMC) and 1 M LiTFSI in EC/DMC, in the same experiment 
(Figure 14). Based on these results, a graphite/lithium metal cell was 
assembled with 1M LiTFSI in DEGDME and rested it for 72 hours, followed 
by charging/discharging (Figure 15). It revealed that the capacity decreases 
much more rapidly in the 72 hour rested cell than the immediately cycled cell 
(Figure 1c), confirming again that capacity degradation is attributable to the 
severe side reaction between lithium metal and the electrolyte. The 
incompatibility of lithium metal with the DEGDME electrolyte in the 
electrochemical cell was additionally confirmed for lithium metal cells 
employing a Li4Ti5O12 (LTO) electrode (vs. lithium metal electrode), which 
３９ 
underwent rapid capacity degradation, as observed in Figure 16. Inspired by 
this finding, we attempted to minimize the chemical reaction between the 
DEGDME-based electrolyte and lithium metal and re-investigated the cycling 
performance of the graphite electrode based on the co-intercalation. Figure 
17 compares the cycle properties of graphite electrode cells with and without 
lithium nitrate (LiNO3) additives in the electrolyte. The addition of LiNO3 
results in a chemical protection layer on the lithium metal surface against the 
electrolyte after the initial battery cycling.[35, 36] The cycle performance was 
significantly enhanced with the LiNO3 additive, providing further evidence 
of the chemical reaction between the DEGDME-based electrolyte and lithium 
metal in the previously observed rapid capacity degradation of 














Figure 12. Photo-images of lithium metal and separators after battery 
operation in (a) 1 M LiTF in DEGDME (top) and 1 M LITFSI in DEGDME 
(bottom) electrolytes. (b) SEM images of lithium metal before and after 
battery operation. (c) EDS mapping, (d) EDS spectrum, and (e) XPS 










Figure 13. SEM images of sodium metal (a) before and (b) after cycling 













Figure 14. Photo-images of the electrolytes (1. DEGDME, 2. 1M LiTF in 
DEGDME, 3. 1M LiTFSI in DEGDME, 4. 1M LiPF6 in EC/DMC, and 5. 











Figure 15. Charge/discharge profiles of graphite/lithium cells using 1M 
LiTFSI in DEGDME electrolyte after 72 hour rest. The capacity decreases 










Figure 16. (a) Cycle performance of Li4Ti5O12 anode in lithium half-cells 
with 1M lithium perchlorate (LiClO4) in EC/DMC and 1M LiTFSI in 
DEGDME. (b) Photo-images of lithium metal and separator after cycling 












Figure 17. Cycle stability of the graphite/lithium cells with and without 
LiNO3 additive. 
４６ 
3.4. High power capability of co-intercalation 
The electrochemical property of the graphite electrode based on the 
co-intercalation is further explored in Figure 18 and 20. First, to verify the 
practical feasibility of the graphite co-intercalation, a full cell was assembled 
with a LiFePO4 (LFP) cathode and graphite anode in a DEGDME-based 
electrolyte. Figure 18a presents typical charge/discharge profiles of the cell, 
which demonstrate that the characteristic profiles of both LiFePO4 and 
graphite were observed in the full cell and were not altered upon repeated 
battery cycling. In addition, no color change indicating side reaction was 
observed in the separator of the graphite/LFP cell whereas the separator of 
graphite/lithium metal cell turned black (Figure 19). The full cell retained 
approximately 80% of the initial discharge capacity even after 200 cycles 
(Figure 18b), validating that the [Li–DEGDME]+ complex ion intercalation 
in the graphite is highly reversible and applicable as a full cell. To further 
understand the co-intercalation, the electrochemical performance of the 
graphite electrode was compared with that of conventional lithium-ion 
intercalation, as shown in Figure 20a and b. Despite the fact that the 
theoretical capacity of [Li-DEGDME]+ complex co-intercalation is lower 
than that of conventional lithium-ion intercalation probably due to the space 
occupancy of the lithium solvating molecules in graphite galleries, the co-
４７ 
intercalation-based reaction was capable of delivering a much higher power 
capability than the conventional lithium ion intercalation using graphite with 
an ~100-μm particle size. The [Li–DEGDME]+ co-intercalation into the 
graphite could be performed up to 1 A g−1 (charge time < 6 min) without a 
significant reduction of the capacity, which is consistent with our previous 
findings.[26] In contrast, a negligible capacity was achieved for the 
conventional lithium ion intercalation at 1 A g−1. Figure 20c plots the specific 
capacities of the two cells as a function of the current rates. Although the 
normal lithium ion intercalation into graphite delivered higher capacity than 
the co-intercalation at low current densities, the capacity decreased 
dramatically with increasing current rate. However, the deliverable capacity 
from the co-intercalation remained nearly constant irrespective of the current 
rates and even exceeded that of the conventional lithium ion intercalation for 
currents greater than 0.5 A g−1. The faster kinetics of the co-intercalation into 
graphite is also supported by the smaller increase in the polarization between 
the charge and discharge with increasing current in Figure 20d. At low current 
rates, the polarizations were almost identical for both cases; however, the 
polarization of the co-intercalation became much lower at high current rates. 
At the 1 A g−1 rate, the polarization between the charge and discharge was as 
low as 0.3 V for the co-intercalation, which is only half of the value for the 
normal lithium ion intercalation. In Figure 20e, the rate capability is 
４８ 
compared in terms of the normalized capacity retention, demonstrating that 
the co-intercalation is capable of retaining approximately 87% of the 
theoretical capacity at 1 A g−1. For a more practical feasibility comparison, 
we assessed the energy densities for the co-intercalation and normal 
intercalation in the full cell setup with LiFePO4 as a cathode (Figure 21). The 
gravimetric/volumetric energy density of the co-intercalation eventually 
exceeded that of the conventional intercalation at current rates above 0.5 A 
g−1, highlighting the viability of the co-intercalation-based graphite electrode 
for high-power energy storage devices, even with a slightly higher electrolyte 
price of ether-based electrolyte (Table 1). However, it should be noted that 
the electrolyte accounts for approximately 8% of the total battery price,[37] 
thus it is believed that the cost difference would not be substantial. 
Additionally, the energy density of [Li-DEGDME]+ co-intercalation was 
compared with Li4Ti5O12, a widely known electrode material for its high 
power capability. [Li-DEGDME]+ co-intercalation exhibits similar 
gravimetric energy density compared to Li4Ti5O12, but it was found that the 
co-intercalation graphite is capable of providing more merits in delivering 
higher practical volumetric energy density than Li4Ti5O12 considering all cell 
components including conductive agents, binder and current collector (Figure 
21). While there were not particular difference regarding the binder and the 
current collector, a larger amount of conducting agent was inevitable to 
４９ 
prepare the LTO electrode owing to its intrinsic low electronic conductivity 
compared to the graphite. Both full cells showed stable cycle life as 
demonstrated in Figure 22. Note that the high power capability of the graphite 
electrode can be beneficial to the safety of batteries. In conventional lithium-
ion batteries, graphite can pose a safety issue during a fast lithiation process; 
the overpotential arising from the high current can lead to lithium metal 
plating on the electrode, which is highly detrimental.[38, 39] The fast 
insertion kinetics of the co-intercalation in graphite can be considered a merit 
to prevent such situations. Moreover, the relatively high redox potential (> 
0.3 V vs. Li) of the co-intercalation, far greater than the lithium metal 
formation potential, further precludes lithium metal plating,[21] which was 
also experimentally confirmed by surface observation of graphite using SEM 
after fast discharging (Figure 23). As will be discussed later, the lack of thick 
SEI layers on the graphite anode cycled with the ether-based electrolyte also 





























Figure 19. Images of separators cycled with 1M LiTFSI in DEGDME for 








Figure 20. Rate capability of the graphite electrode in (a) 1 M LiTFSI in 
DEGDME and (b) 1 M LiPF6 in EC/DMC (1:1 vol.) electrolytes. 
Comparison of rate capability in terms of (e) capacity, (f) polarization, and 




Figure 21. Energy densities of the cells in terms of (a) gravimetric energy 
density and (b) practical volumetric energy density including the conductive 
agents, binder and the current collector. Note that the full cells were 









Table 1. Prices of the two types of electrolytes. Note that the prices came 
from the domestic electrolyte manufacturer on April 1, 2017, but the name of 
the company was closed at the request of the manufacturer. 
 
1M LiPF6 in EC/DMC  
(1:1 vol.) 
1M LiTFSI in DEGDME 












Figure 22. Cycle life of the full cells of (a) graphite/LFP and (b) LTO/LFP 





Figure 23. SEM images of graphite after discharging at a current density of 
1A g-1. (a) 2000, (b) 5000, and (c) 10,000 times magnification. 
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3.5. Origin of high rate capability for co-intercalation 
The high rate capability of [Li–DEGDME]+ complex ion 
intercalation in the graphite electrode is unusual considering the large size of 
the complex ion. To better understand this phenomenon, we considered the 
possible factors assisting the fast complex ion intercalation kinetics in 
graphite. In general, guest ion intercalation in electrochemical cells occurs in 
the following four steps: (i) guest ion diffusion in the electrolyte, (ii) 
desolvation process at the interface between the electrolyte and electrode, (iii) 
guest ion diffusion through the SEI layer, and (iv) bulk diffusion in the active 
electrode material.[42] For (i), we simply compared the ionic conductivities 
of 1 M LiTFSI in EC/DMC and DEGDME (see the Experimental section for 
detailed information). According to our measurements, the ionic 
conductivities of the two electrolytes were 10.75 ± 0.99 and 9.56 ± 0.16 mS 
cm−1, respectively, which are consistent with previous reports.[43, 44] The 
marginally similar ionic conductivities indicate that the ionic conductivity of 
the electrolyte is not a determining factor for the distinctive kinetics. To 
estimate the effect of (ii), the energy barriers of the desolvation process were 
comparatively calculated for DEGDME, DMC, and EC solvations (Figure 
24). The desolvation energy was estimated based on the energy required for 
a lithium ion to remove a solvent molecule (see the Experimental section for 
５８ 
a detailed description of the calculations).[45, 46] Each step in Figure 24 
represents the series of energies required to desolvate the multiple solvation 
shells. For example, in the bottom panel of Figure 24, [Li–2EC]+ represents a 
lithium ion solvated by two EC molecules, and 1.748 eV is the energy 
necessary to remove one EC molecule and form [Li–EC]+. The first solvation 
(or last desolvation) energy is significantly higher for DEGDME (3.730 eV) 
than for DMC (2.091 eV) or EC (2.384 eV), indicating that the lithium ion 
and DEGDME solvent are strongly bound to each other, promoting the co-
intercalation.[31] This finding is consistent with the experimentally observed 
[Li–DEGDME]+ co-intercalation phenomena in graphite. Thus, we 
considered the second-last energy barrier in the DEGDME system to be the 
effective desolvation energy (1.434 eV), whereas the last energy barriers with 
the highest values were considered the desolvation energies for DMC (2.091 
eV) and EC (2.384 eV) because of their conventional intercalation 
(highlighted in red in Figure 24). The energies required to desolvate EC or 
DMC solvents are much higher than that of DEGDME solvent desolvation by 
approximately 0.7–1 eV, which implies that the desolvation of lithium ions 
in EC or DMC for the intercalation of graphite will be relatively slower than 
the desolvation kinetics of the co-intercalation in DEGDME.  
We further characterized the SEI layers of the graphite electrodes, 
which can affect the intercalation kinetics, using transmission electron 
５９ 
microscopy (TEM) and XPS. Interestingly, the TEM results indicated that no 
noticeable SEI layer was formed at the surface of the graphite cycled with 1 
M LiTFSI in DEGDME (Figure 25a), whereas a thick amorphous-like SEI 
layer was commonly observed at the surface of graphite cycled with 1 M 
LiTFSI in EC/DMC (Figure 25b). The XPS results with depth profiling also 
clearly confirmed that the SEI layer does not form on the surface of the 
graphite anode in the DEGDME electrolyte system (Figure 25c). This result 
contrasts with that for the EC/DMC electrolyte system (Figure 25d), which 
has typical compounds constituting the SEI such as Li2CO3 or (CH2OCO2Li)2 
and C–O-containing materials.[41] It is believed that the absence of the 
surface film for the co-intercalation is partly due to the relatively high voltage 
cut-off of the co-intercalation in the discharge (0.3 V vs. Li) and the high 
LUMO level of the ether solvent, which prevents the reduction of the 
electrolyte. This result is similar to that for a LTO electrode, which does not 
generally form a surface film when used as an anode because of its high redox 
potential.[47, 48] Moreover, we speculate that the absence of an apparent 
desolvation process in the co-intercalation may have contributed to 
preventing the formation of thick SEI layers; however, further investigation 
is necessary. The lack of the typical SEI layers at the surface would enable 
the facile transport of [lithium–ether]+ complex ions into the graphite. 
６０ 
Finally, to understand the bulk diffusion in the electrode during the 
electrochemical reaction, we probed the electrochemical response of the 
[lithium–ether]+ complex ion intercalation using cyclic voltammetry (CV) 
with scan rates from 0.2 to 3 mV s−1, as shown in Figure 26a. Here, it was 
assumed that the scan rate and peak current follow a power-law equation: 
i=avb, 
where i is the measured peak current, v is the voltage sweep rate, and a and b 
are adjustable parameters.[49] A b value of 0.5 generally indicates a 
diffusion-controlled reaction, whereas a b value of 1 indicates a capacitive 
reaction.[50] We calculated the b values of every peak in the [lithium–ether]+ 
complex intercalation by plotting log (scan rate) versus log (peak current), as 
shown in Figure 26b. To our surprise, a significant pseudocapacitive nature 
was revealed for the [lithium–ether]+ complex intercalation, in contrast to the 
charge storage behavior of conventional lithium ion intercalation, which is 
mostly diffusion controlled.[51] The b values of the peaks were estimated to 
be 0.99, 0.87, 0.61, and 0.58, respectively, indicating a mixed 
pseudocapacitive and diffusion reaction, or previously reported partial 
intercalation pseudocapacitance, during the electrochemical response.[52-56] 
Considering the apparent first-order phase transition of the [lithium–ether]+ 
complex in the bulk graphite, as evidenced in the ex-situ XRD patterns in 
Figure 1d, the precise origin of this behavior has not yet been clearly 
６１ 
understood. However, this behavior implies that [lithium–ether]+ complex ion 
diffusion in the graphite galleries promotes faster kinetics compared to 
conventional lithium ion intercalation. The enlarged space of the co-
intercalated graphite with a large amount of the [lithium–ether]+ complex 
might have a similar lithium insertion local environment to those of the 
expanded graphite or restacked graphene, which may induce the 
pseudocapacitive behavior for the intercalation. Also, similar observations 
have been reported in such as mesoporous MoS2,[52] MoO3-x,[53] MoS2 
nanocrystal,[54] nanosized-MoO2,[55] and TiS2 nanocrystals,[56] which 
were ascribed to the intercalation pseudocapacitance resulting from the 
suppressing intercalation-induced phase transitions. In addition, we speculate 
that the unusually large distance between graphene layers triggered by the 
initial co-intercalation of the [lithium–ether]+ complex promotes the 
subsequent co-intercalation of the complex ions with a non-limited diffusion 
nature. In this case, the [lithium–ether]+ co-intercalation would exhibit a 
capacitive behavior with much improved kinetics, which is similar to the 
unusually fast charge storage mechanism and CV response demonstrated by 














Figure 25. (a–b) TEM images and (c–d) XPS analyses characterizing the 
edge of graphite cycled with 1 M LiTFSI in DEGDME (left) and 1 M 
LiTFSI in EC/DMC (1:1 vol.) (right). The XPS CF3 signal originates from 




Figure 26. (a) CV profile of natural graphite using 1 M LiTFSI in 
DEGDME electrolyte. (b) Anodic peak current dependence on the scan rate 
derived from CV and used to determine the capacitive and intercalation 
contributions to energy storage. 
６５ 
4. Conclusion 
We demonstrated for the first time that lithium ion/solvent co-
intercalation into a graphite electrode can be highly reversible in lithium cells, 
which can exhibit promising electrochemical performance with unexpected 
high power capability. The chemical compatibility of the solvent molecule 
with the pristine graphite was shown to critically affect the stable co-
intercalation. Furthermore, we revealed that the severe capacity degradation 
previously observed for co-intercalation in a graphite electrode does not stem 
from the co-intercalation itself but simply results from the chemical instability 
of the lithium metal in the ether-based electrolyte system. Accordingly, 
complex ion co-intercalation in a graphite electrode was successfully utilized 
in both half cells with protected lithium metal and full cells with excellent 
reversibility. Compared with conventional lithium ion intercalation, the 
graphite electrode based on the co-intercalation was capable of delivering an 
impressively higher power capability, retaining more than 87% of its 
theoretical capacity at a current density of 1 A g−1 without the risk of lithium 
metal plating. Based on combined first-principles calculations and 
experiments, this higher power capability was attributed to faster desolvation 
kinetics, the negligible presence of a SEI layer on the graphite electrode, and 
the diffusion-less charge storage mechanism. Considering the high power 
６６ 
capability and expected safety enhancement, co-intercalation-based graphite 
electrodes may offer an alternative direction for the utilization of graphite in 
high-power lithium-ion batteries, and this work constitutes the first step 
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７３ 
요약 (국문 초록) 
 
흑연에서의 용매-리튬 이온 삽입 반응을 이용한  
리튬 이온 이차전지 소재 개발 
 
리튬 이온이 흑연으로 삽입되는 반응은 리튬 이온 
이차전지에서 중요한 매커니즘이다. 하지만, 리튬 이온과 용매가 
흑연으로 함께 삽입되는 반응은 흑연의 층상 구조 박리를 
야기한다고 알려져 있기 때문에 이차전지의 수명 특성에 있어 
바람직하지 않다고 여겨져 왔다. 본 연구에서는 리튬 이온과 
용매가 함께 삽입되는 반응이 반드시 박리를 야기하는 것이 
아니라 용매의 종류에 따라 어떤 용매에서는 가역적인 반응이 
일어날 수 있음을 증명하였다. 먼저 제 1 원리 계산을 통해 
흑연과 리튬 이온-용매 복합체의 화학적 안정성이 가역성에 
영향을 끼침을 알아냈고, 실험적으로도 이것을 증명하였다. 또한, 
리튬 이온-용매가 함께 삽입되는 반응이 기존의 리튬 이온 삽입 
반응보다 훨씬 더 높은 출력 특성을 보이는 것을 증명하였다. 
이러한 높은 출력 특성은 리튬 금속이 석출되는 것을 방지하여 
７４ 
이차전지가 안전하게 작동하도록 돕는다. 보다 구체적으로, 리튬 
이온-용매가 함께 삽입되는 반응은 1 A g-1 정도의 고전류에서도 
이론 용량의 87%의 용량을 내는 것을 확인하였다. 이러한 높은 
출력 특성의 원인은 첫째, 리튬 이온-용매 복합체에서 마지막 
탈용매화 과정이 없는 것, 둘째, 흑연과 전해질 사이 계면에서 
박막이 적게 형성되는 것, 그리고 셋째, 전기 용량적인 특성을 
띠는 전하 이동 반응에 기인한 것으로 생각된다. 본 연구는 
이차전지 기술에 있어서 빠르고 가역적인 리튬 이온-용매 복합체 
삽입 반응의 활용을 향한 첫 단계가 될 것이다.  
 
주요어: 흑연, 리튬 이온 이차전지, 삽입 반응, 고출력 이차전지, 제 
1 원리 계산  
 
 
